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We demonstrate a compact magneto-optical trap (MOT) of alkaline-earth atoms using a nanofab-
ricated diffraction grating chip. A single input laser beam, resonant with the broad 1S0 → 1P1
transition of strontium, forms the MOT in combination with three diffracted beams from the grating
chip and a magnetic field produced by permanent magnets. A differential pumping tube limits the
effect of the heated, effusive source on the background pressure in the trapping region. The system
has a total volume of around 2.4 L. With our setup, we have trapped up to 5× 106 88Sr atoms, at
a temperature of approximately 6 mK, and with a trap lifetime of approximately 1 s. Our results
will aid the effort to miniaturize optical atomic clocks and other quantum technologies based on
alkaline-earth atoms.
I. INTRODUCTION
Laser-cooled alkaline-earth atoms have applications
in a wide range of quantum devices, including atomic
clocks [1, 2], gravimeters [3], and spaceborne gravita-
tional wave detectors [4, 5]. The transition from a lab-
oratory to field-based applications will require a dras-
tic reduction in the size and complexity of laser-cooling
systems. For example, proposals to detect gravitational
waves using alkaline-earth atoms require atom interfer-
ometers capable of being installed in satellites [4]. Com-
pact versions of these laser-cooled systems are also nec-
essary in order make the unprecedented accuracy of
alkaline-earth atomic clocks widely accessible [6].
Laser-cooling experiments typically use a magneto-
optical trap (MOT) to capture, cool, and confine the
atoms. Conventional MOTs use three orthogonal pairs
of well-balanced, counterpropagating laser beams to con-
fine atoms at the center of a quadrupole magnetic field.
As such, MOTs require large vacuum chambers with op-
tical access along all axes, and have many degrees of
freedom in alignment and polarization. Compound op-
tics can generate all necessary beams from a single input
beam, reducing the complexity of the optical setup. For
example, pyramidal retro-reflectors maintain the beam
geometry of conventional MOTs [7]. However, the MOT
forms inside the retro-reflecting optic, limiting optical
access [8, 9]. Tetrahedral reflectors form the MOT
above the optic, maintaining optical access but breaking
the geometry of a conventional trap by using only four
beams [10]. Tetrahedral MOTs can also be planarized by
using diffraction gratings [11–13]. Thus far, only experi-
ments with alkali atoms have been successfully miniatur-
ized using such grating MOTs [12–14]. Here, we demon-
strate a compact, grating MOT system for alkaline-earth
atoms.
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Alkaline-earth atoms pose unique challenges to minia-
turization. First, sources for alkaline-earth atoms must
be heated to high temperatures (over 350 ◦C) to cre-
ate sufficient flux of atoms to load a MOT. Outgassing
from the hot source can increase the background pres-
sure, decreasing the trap lifetime, and equilibrium atom
number. Second, alkaline-earth atoms require large mag-
netic field gradients (on the order of 5 mT/cm), often
created with large water cooled coils [15]. Third, with
the high Doppler temperature of the broad 1S0 → 1P1
transition, and lack of sub-Doppler cooling, strontium
and other alkaline-earth systems usually operate a sec-
ond, subsequent MOT on the narrow 1S0 → 3P1 tran-
sition to achieve lower temperatures. The ideal compact
system must have the capability to operate at the two
different cooling wavelengths.
Our system, designed around a diffraction grating chip,
mitigates the above issues associated with miniaturizing
a MOT for alkaline-earth atoms (see Fig. 1). First, a
3 cm long differential pumping tube separates the vac-
uum chamber into two regions: the source chamber and
the science chamber. The source chamber contains a vac-
uum pump and a low-outgassing dispenser [16] that va-
porizes strontium atoms. The atoms then travel through
the differential pumping tube before entering the science
chamber. Second, we create the magnetic field gradient
for the MOT using permanent magnets, which are less
complex than typical, water-cooled coils. The magnetic
field gradient extends into the differential pumping tube,
forming an effective Zeeman slower when combined with
the input laser beam. Lastly, the first order diffraction
efficiency of the grating we use is optimal at a wavelength
of 600 nm, a middle ground between the two laser-cooling
wavelengths (461 nm and 689 nm) for strontium. Our
compact alkaline-earth grating MOT system also main-
tains the optical access and achieves the atom number
necessary for future quantum devices.
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2FIG. 1. A cut-away model of the grating MOT system,
with coordinates specified in the bottom right. The diffrac-
tion grating in the middle of the science chamber diffracts
light to form the MOT beams. The input laser beam (not
shown) propagates along the +zˆ direction. 3D-printed mag-
net holders position permanent magnets around the top and
bottom of the chamber. The dispenser source sits below the
differential pumping tube and is pumped by a non-evaporable
getter (NEG) pump.
II. APPARATUS
Our apparatus is shown in Fig. 1. The vacuum system
is comprised of two chambers, separated by a 3 cm long,
3 mm diameter differential pumping tube with an N2 con-
ductance of 0.11 L/s. The MOT is located in a science
chamber with four CF275 viewports, and pumped with a
75 L/s ion pump (not shown). The source chamber is lo-
cated below the differential pumping tube and is pumped
with a 40 L/s non-evaporable getter (NEG) pump. Our
source of Sr atoms is a 3D-printed titanium dispenser, de-
scribed in Ref. [16]. We run a current between 12 A and
14 A through the dispenser, effusing strontium towards
the differential pumping tube. Together, the source and
science chambers are approximately 2.4 L in volume, al-
though this estimate does not include the ion pump or the
magnet holders. The base vacuum pressure of 2×10−7 Pa
in the science chamber could be improved by replacing
the ion pump with an NEG pump, which would also re-
duce the size of the apparatus.
The grating chip is located above the differential
pumping tube, and has a triangular hole through its cen-
ter, allowing atoms to enter the science chamber. The
grating chip was fabricated at the National Institute of
Standards and Technology, and consists of three linear
gratings arranged in a triangle. The parameters of the
chip are the same as those in Ref. [14], except with a
trench depth of 150(2) nm. This trench depth minimizes
the 0th order diffraction at 600 nm, which is between
the 461 nm and 689 nm cooling transition wavelengths
for strontium. Each linear grating diffracts 32(1) % of
the normally-incident 461 nm light into each of the ±1
diffraction orders with an angle of 27.0(5)◦. For normally
incident, circularly polarized light, the stokes parameters
of the grating chip at 461 nm are Q = −0.23(1), U =
−0.13(1), V = 0.96(1), where Q = 1 (Q = −1) corre-
sponds to s (p) polarization defined relative to the plane
of reflection for each linear grating.
Two sets of permanent magnets create the magnetic
field for the MOT. They are housed in 3D-printed mag-
net holders made of polylactic acid (PLA) that are de-
signed to produce a compact setup with high magnetic
field gradients, as shown in Fig 1. Due to the geomet-
ric constraints of the vacuum chamber, the configura-
tion of magnets is asymmetric, and the principal axes
are rotated from those Fig 1. We achieve maximum gra-
dients of {3.5 mT/cm, 2.7 mT/cm, 6.2 mT/cm} along
the {xˆ′, yˆ′, zˆ} axes, respectively, where xˆ′ and yˆ′ are ro-
tated by −pi/6 from xˆ and yˆ. By removing magnets from
the holders, we can lower the gradient to {1.9 mT/cm,
1.9 mT/cm, 3.8 mT/cm} along the {xˆ′, yˆ′, zˆ} axes, re-
spectively. The field gradient extends to z ≈ 50 mm,
where z = 0 corresponds to the B = 0 and z ≈ 40 mm
corresponds to the position of the source.
A single laser beam, red-detuned from the 1S0 → 1P1
transition at 461 nm, enters through the top viewport
along the +zˆ axis and is normally incident upon the
diffraction grating chip. The input MOT beam has a
1/e2 radius of 12 mm and a maximum power of 92 mW.
For the 1S0 → 1P1 transition with natural linewidth
Γ/2pi = 30.5 MHz, Isat = 40.3 mW/cm
2, giving a maxi-
mum peak I/Isat ≈ 1. Intensities I/Isat reported herein
always refer to the peak intensity of the input beam. The
central portion of the beam continues through the hole in
the diffraction grating and through the differential pump-
ing tube. This beam, combined with the magnetic field
gradient, allows for a small amount of initial slowing of
the atoms, similar to a Zeeman slower. Atoms can be lost
from the MOT because the excited 1P1 state decays at a
rate of 610 s−1 to the 1D2 state, which in turn decays to
the 3P manifold. To mitigate the atom loss, two repump
lasers, with wavelengths 679 nm and 707 nm, address
the 3P0 → 3S1 and 3P2 → 3S1 transitions, respectively.
More information on the repump scheme can be found in
Ref. [17]. The repump beams are combined together on
a 50/50 beam splitter, and then combined with the input
MOT beam using a polarizing beam splitter.
We use absorption and fluorescence imaging along xˆ to
characterize the MOT. Absorption images are taken after
the MOT atom number equilibrates using a probe beam
resonant with the 1S0→ 1P1 transition with I/Isat ≈
0.01. We use the atom number from the absorption im-
ages to calibrate the atom number extracted from flu-
3FIG. 2. MOT loading curves with a source current of 13 A,
I/Isat = 1, axial magnetic field gradient of 6.2 mT/cm, and
detuning ∆/Γ = −1. The blue dots show the MOT atom
number N as a function of time t. The black curve is a fit
to Eq. 1. The green triangles show the MOT loading without
repump lasers, and subsequent recapture from the metastable
reservoir. The dashed line indicates when the repump lasers
were turned on.
orescence images taken during loading. The Labscript
suite software [18] controls the experiment and data col-
lection. More detailed information on the laser systems
can be found in Ref. [19].
III. RESULTS
We measure atom number, loading rate, lifetime, and
temperature to characterize the MOT. During each ex-
perimental shot we take a sequence of fluorescence im-
ages while the MOT loads and construct a loading curve.
Fig. 2 shows typical loading curves at an axial magnetic
field gradient of 6.2 mT/cm. For a MOT with no light
assisted collisions, the loading rate R, MOT lifetime τ ,
and equilibrium atom number N0 = Rτ , are extracted
by fitting each loading curve to the single exponential
N(t) = Rτ(1− e−t/τ ). (1)
An example fit is shown with a solid black curve in Fig. 2.
The quality of the fit to Eq. (1) indicates light assisted
collisions and secondary scattering are negligible. At the
higher gradient of 6.2 mT/cm, we observe typical loading
rates of 4× 106 s−1 and a vacuum-limited lifetime of 1 s.
We observe a similar loading curve at the lower gradient
of 3.8 mT/cm.
Fig. 3 and Fig. 4 show the MOT parameters as a
function of detuning from resonance and intensity, re-
spectively. We find the maximum atom number of ap-
proximately 4 × 106 at a source current of 13 A and
∆/Γ ≈ −1, a typical detuning for a conventional 6-beam
FIG. 3. The equilibrium atom number N0 as a function of
MOT beam detuning ∆/Γ, with a source current of 13 A,
axial magnetic field gradient of 6.2 mT/cm, and I/Isat = 1.
The optimal detuning is ∆/Γ = −1. Most of the error bars
are smaller than the data points.
Sr MOT [20–22]. As shown in Fig. 4(a), the atom number
continues to increase with I/Isat, even at our maximum
intensity, indicating that more laser power would be ben-
eficial. The increase in N0 = Rτ is only partially due to
the increase in the loading rate R, shown in Fig. 4(b).
Part of the atom number increase is due to an increase
in the lifetime with intensity, shown in Fig. 4(c). The
lifetime increase suggests that the trap depth is increas-
ing with laser power, which in turn increases the escape
velocity for a Sr atom that undergoes a background gas
collision [23, 24]. However, the interplay between MOT
temperature and tighter radial confinement with increas-
ing intensity may also play a role.
We can also use the MOT to continuously load a mag-
netic trap, which consists of atoms that are trapped in the
metastable 3P2 state. With strontium, the metastable
magnetic trap is often used to increase the capture of
rare isotopes and was key to the realization of quantum
degeneracy [21, 25]. By operating the MOT without re-
pump light, atoms are shelved in the 3P2 state where
they are trapped by the MOT magnetic field. When the
repump light is turned on after atoms have accumulated
in the magnetic trap, we see a sharp increase in the MOT
atom number as shown in Fig. 2. The recovery confirms
that atoms are being caught and held in the magnetic
trap, however we do not see a transient enhancement
above the equilibrium atom number as demonstrated
elsewhere [26]. Given our densities, and vacuum-limited
atom number, we would not expect enhancement from
magnetic trap loading. Adding a depumping laser could
enhance the loading rate of the magnetic trap and in-
crease the atom number [27].
We investigate the effect of the source current on the
atom number, loading rate, and lifetime, shown in Fig. 5.
4FIG. 4. MOT loading parameters as a function of I/Isat:
(a) equilibrium atom number N0, (b) loading rate R, and (c)
lifetime (τ). Here, the source current is 13 A, the detuning
∆/Γ = −1, and axial field gradient is 6.2 mT/cm. The error
bars on the points are comparable to the marker size.
FIG. 5. MOT loading parameters as a function of source
current: (a) equilibrium atom number N0, (b) loading rate
R, and (c) lifetime (τ). Here, I/Isat ≈ 1, ∆/Γ = −1, and
axial field gradient is 6.2 mT/cm. The error bars on most of
the points are comparable to the marker size.
FIG. 6. Temperature measurement of the atomic cloud. The
rms width of the atomic cloud in the yˆ direction (blue circles)
and in the zˆ direction (green triangles) are plotted against
time of flight and fitted to the expansion function discussed in
the text (black curves). The calculated temperatures based on
the fits are 7.8(9) mK and 4.6(4) mK for yˆ and zˆ, respectively.
This data was taken with a source current of 13 A, I/Isat = 1,
axial magnetic field gradient of 6.2 mT/cm, and detuning
∆/Γ = −1.
The source current sets the temperature of the source,
which in turn determines both the vapor pressure and
the average velocity of atoms leaving the source. At our
highest achievable source current of 14 A, limited by the
ampacity of our electrical feedthroughs, we trap 5× 106
atoms, but have still not saturated the atom number.
Based on the fit presented in Ref. [16], we estimate the
source temperature at 13 A to be over 600 ◦C. When the
source current is increased from 0 A to 13 A, the vacuum
pressure in the science chamber increases by 3×10−8 Pa,
suggesting that the differential pumping is sufficient. The
increase in pressure is consistent with the small lifetime
decrease shown in Fig. 5(c).
To determine the temperature of the MOT, we mea-
sure the width of the atomic cloud as it expands in time
of flight, shown in Fig. 6. A Gaussian fit extracts the
root-mean-square (rms) width, w, of the cloud in both
the yˆ and zˆ directions. The extracted widths are binned
by time of flight, and the error bars are calculated from
the standard error about the mean. We fit the data to
w(t)
2
= w0(t)
2+v2rmst
2, where w0 is the initial rms width
of the cloud, vrms =
√
kBT/m is the rms velocity, kB
is Boltzmann’s constant, m is the atomic mass, and T
is the temperature of the atomic cloud. The tempera-
ture is 7.8(9) mK and 4.6(4) mK for yˆ and zˆ, respec-
tively, which is consistent with a conventional six-beam
MOT [20]. The temperature is not equal in the two di-
mensions because the diffusion coefficient and velocity
damping constant are different in the axial and radial di-
rections in a grating MOT. For our MOT, the ratio of
5the temperatures along yˆ and zˆ is 1.7(2), consistent with
the ratio of 1.9 from the theory in Ref. [28].
While the discussion has focused on trapping 88Sr,
strontium has a number of stable isotopes. The isotope
abundances for strontium are 82.58%, 7.00%, 9.86%, and
0.56% for 88Sr, 87Sr, 86Sr, and 84Sr, respectively. Our
setup can also trap around 7 × 105 atoms of 86Sr at a
source current of 13 A, consistent with the abundances
above. Likewise, we would also expect to trap around
5× 105 atoms of 87Sr, but were unable to realize a MOT
of 87Sr. The hyperfine structure of 87Sr poses at least
two complications. First, we might not have sufficient
repump power to adequately address all necessary hyper-
fine transitions [29]. Second, the hyperfine structure com-
bined with the non-trivial geometry and polarizations of
the grating MOT may significantly weaken the confining
forces [12, 30]. The theoretical details of the latter are
beyond the scope of this work and will be presented in a
future publication.
IV. DISCUSSION
We have realized a grating MOT of alkaline-earth
atoms in a compact 2.4 L apparatus. Our permanent
magnet design supplies the necessary field gradients for
the MOT and allows for a degree of tunability, while the
differential pumping tube limits outgassing from the hot
source. The MOT traps up to 5 × 106 atoms of 88Sr at
a loading rate of 4× 106 s−1, with a lifetime of approxi-
mately 1 s. We also observe MOTs of 86Sr with 7× 105
atoms, consistent with the relative isotopic abundance.
In the future, upgrades to our apparatus could be made
to improve the performance of the MOT and decrease the
size of the system. We could improve the quality of the
vacuum and reduce the size of the apparatus by replac-
ing the ion pump with another NEG pump. Improving
the quality of the vacuum would increase atom number
and lifetime, potentially allowing us to observe a MOT
of 84Sr. The system could be further miniaturized by
using a fiber-coupled and photonically integrated chip to
expand the MOT beam to the appropriate size without
additional optics [31, 32]. By incorporating electromag-
nets with our permanent magnet assembly, we could ad-
just the magnetic field gradient to allow transfer of the
atoms to a MOT operating on the narrow 1S0 → 3P1
transition. The grating has good diffraction efficiency
at both cooling wavelengths, and the diffracted beams
have sufficient overlap to facilitate transfer between the
MOTs.
The implementation of field-deployable quantum de-
vices relies on compact systems. Alkaline-earth-based
quantum sensors have been proposed as platforms for
atom interferometers and atomic clocks. Compact inter-
ferometers could be used for inertial navigation [33], and
gravitational wave detection in space [4]. Deployable net-
works of optical clocks will be important for improved
time and frequency metrology [6], and tests of funda-
mental physics [34]. Our results show that alkaline-earth
grating MOTs are a promising step towards the develop-
ment of compact optical clocks and other quantum de-
vices.
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